Ferrocene-substituted tetrakis(methyl)resorcin [4] arenes have been investigated by means of DFT calculations employing the gradient-corrected PBEPBE functional. In comparison with ferrocene and simple ansa-ferrocenes containing 2-4 bridging methylene groups, it was found that the tilt angle of the functionalized cyclopentadienyl (Cp) rings strongly influences the electron density distribution of the ferrocenyl moieties. According to NBO analyses, the iron atoms in the cavitands are more positive in comparison to those in ferrocene, whereas they are less positive in ansa-ferrocenes. The partial charges of carbon atoms belonging to Cp rings show some correlation with the tilt angle.
Introduction
Metallocenes are among the first known organometallic compounds. Since the discovery of ferrocene [1] and the elucidation of its bispentahapto sandwich structure, biscyclopentadienyl-transition metal complexes have been in the focus of many important developments in modern organometallic chemistry.
In biscyclopentadienyl-transition metal complexes, the cyclopentadienyl (Cp) rings are relatively inert moieties in most reactions. The Cp rings can function as scaffolding of the upper and lower frames and define the reaction space of the attached metal. Moreover, the Cp ring can be varied in an almost unlimited number of ways in order to modify the steric properties of the complex and the electronic properties of the metal. A commonly used alteration to the metallocene ligand framework is the inclusion of a linking group between the two Cp rings called an interannular bridge. Complexes of this class were originally called metallocenophanes; however, the term "ansa-metallocene" is now more commonly used [2] . The Latin prefix ansa (meaning "handle") was introduced by Smith et al. [3] , referring to the bent handle functional group connecting to the two Cp rings at both ends. Ansametallocenes became very popular in the polymer industry as, for example, an excellent catalyst in the synthesis of highly isotactic polypropylene [4] .
The amount of distortion from the normal metallocene geometry that is caused by the bridging group X is depicted in Scheme 1. Several geometrical parameters can be defined describing the geometries of ansa-metallocenes [2] , from which we will focus on two fundamental values within this study. The degree of ring tilt is represented by angle , whereas angle denotes the deviation of the X-C ipso axis from the ring plane.
The reactivity of metallocenes can substantially be influenced by the bridge. Lentzner and Watts studied the effect of the bridge on the reactivity of ferrocenophanes [5] . The tetramethylene bridge enforces some bending of the Cp rings and enhances the Lewis basicity of the iron center in comparison to that in Cp 2 Fe but makes the aromatic rings resistant to Friedel-Crafts acylation and to lithiation by Wilkinson et al. [6] .
The introduction of an ethylene bridge between Cp rings has a strong effect on the chromocene system [7] . Whereas the carbonyl complex Cp 2 CrCO cannot be isolated due to the reversible binding of CO by chromocene [8] , various ansa-chromocenes were prepared and crystallographically characterized [9, 10] . DFT calculations indicated that the stabilization of the CO complex of ansa-chromocene is the consequence of the stability of the triplet metallocene product. However, in the ansa-bridged free chromocene the rings are unable to relax to a near parallel structure, therefore the triplet state is of less advantage [11] . The resorcin [4] arenes and the related cavitands are macrocyclic compounds consisting of multiple aromatic rings connected by different linkers [12] . Cavitands are known to offer excellent points of departure for the construction of large bowl-shaped molecular entities possessing a well-formed hydrophobic cavity. Therefore, cavitands and similar structures show promise with potential applications as gas sensors, nanoreactors, and drug delivery systems. Cavitands have also found a wide application in the preparation of capsule-like self-assemblies. Ferrocene-substituted resorcinarenes were found to be redox-switchable dynamic systems, in which the ferrocene moieties serve as electroactive hydrophobic fragments [13] . Moreover, decamethylruthenocene was found to act as template for the self-assembly of a Cmethylcalix [4] resorcinarene/bipyridine/decamethylruthenocene supramolecular crystal [14] .
The first goal of this study is to describe the geometry and electronic structure of tetrakis(methyl)resorcin [4] arene (1) and tetrakis(phenoxymethyl)resorcin [4] arene (2) containing ferrocene moieties. The ferrocenyl groups provide some prediction for their stability and applicability by the functionalization of cavitands with cyclopentadiene followed by deprotonation and metallocene formation by the addition of Fe(II) salts. The second purpose of this paper is to give some details for the electron density distribution of ferrocene-substituted cavitands in comparison to simple ansa-ferrocenes containing 2-4 bridging methylene groups, as model compounds.
Computational Details
For all the calculations the PBEPBE gradient-corrected functional by Perdew et al. [15] was selected using the Gaussian 09 suite of programs [16] . For iron, the triple-zeta basis set by Schaefer and coworkers was applied and denoted as TZVP [17] , whereas the 6-31G(d,p) basis set [18] was employed for every other atom. Local minima were identified by the absence of the negative eigenvalues in the vibrational frequency analyses, whereas the Hessian matrix of transition states has only one negative eigenvalue. For the NBO calculations the GENNBO 5.0 program was utilized [19] . For the QTAIM studies the AIMAll software was employed [20] .
Results and Discussion
The functionalization of resorcin [4] arenes with ferrocenes is predicted to result in well-organized structures with symmetries very close to C 2 . The computed geometries of ferrocenesubstituted tetrakis(methyl)resorcin [4] arene (1) and tetrakis(phenoxymethyl)resorcin [4] arene (2) are depicted in Figure 1 . For a better visibility, complex 2 is shown from two viewpoints emphasizing its peculiar structure arranged by the closure of Cp rings around the iron centers forming formally a dimer of ansa-ferrocenes.
For comparison, the geometries of ferrocene and simple ansa-ferrocenes, containing bridges formed from 2-4 CH 2 groups, have been computed as well and illustrated in Figure  2 . The unsubstituted ferrocene is denoted as 3, whereas ansaferrocenes with ethylene, 1,3-propylene, and 1,4-butylene bridges are denoted as 4, 5, and 6, respectively. For ferrocene the eclipsed D 5h structure was found as global minimum at the PBEPBE level, in accord with the studies of Salzner [21] . In all ansa-complexes, the presence of the bridge breaks the symmetry of the Cp ring leading to contracted C-C bonds in comparison to those in ferrocene. The C1-C2 bonds, in the neighboring position with respect to the bridge, are the least elongated, while the C2-C3 and C3-C3 bonds are somewhat shorter. According to bond lengths, the same tendency can be observed for the cavitands 1 and 2. As expected, the lengths of Fe-C bonds strongly depend on the bridge, resulting in very short Fe-C1 distance in complex 4. In complex 6, however, with the more flexible 1,4-butylene group, the Fe-C distances are quite close to those in ferrocene. It is remarkable that the Fe-C distances in cavitands are somewhat longer compared to ansa-ferrocenes. For instance, in complex 1, the Fe-C3 distance is 2.156Å, notably longer than that in complex 4, with somewhat comparable tilt angle (see Table 1 ). In Table 1 , the results of natural population analysis have been collected as well. The NPA charges of iron centers show distinct values for cavitands and ansa-ferrocenes. In complexes 1 and 2, the iron atoms are more positive than those in ferrocene. In contrast, in complexes 4-6 the metal center is more negative. As expected, the charge distribution in the Cp rings strongly depends on the relative position of the bridge; the partial charges increase gradually from the ipsocarbons to the C3 carbons. The electron density distribution of the Cp rings in cavitands reveals similarity with that of complexes 4-6, especially for 2, which presumably possesses a less rigid structure compared to complex 1.
The electronic structure around the iron central atom has been elucidated within the framework of the quantum theory of atoms in molecules developed by Bader. One of the three QTAIM descriptors taken into account is the electron density at bond critical points ( BCP ), which is somewhat related bond strengths. The delocalization index (A,B), which is introduced by Bader and Stephens [22] , describes the number of electron pairs delocalized between two atomic basins. The (A,B) is somewhat related to formal bond orders for an equally shared pair between two atoms in a polyatomic molecule; however, it is usually less than that due to delocalization over the other atoms in the molecule. The ellipticity ( ) calculated from two negative eigenvalues ( 1 and 2 ) of the Hessian matrix of the electron density function (r) at the BCP is a measure of the deviation of the charge density from the axial symmetry of a chemical bond and is defined as = 1 / 2 − 1. Values close to zero indicate cylindrical character, whereas values greater than Table 2 , whereas delocalization indices (A,B) are presented in Table 3 .
The introduction of a bridge causes changes in Fe-C bond strengths due to the distortion of the metallocene structure. For the cavitand-based complexes, the interaction between the iron center and the Cp rings is somewhat weaker in comparison to ferrocene. In ansa-metallocenes, however, the strength of this interaction strongly depends on the bridge size: in the more strained complex 4, the Fe-C1 and Fe-C2 bonds become stronger, while the Fe-C3 bond is weaker in terms of delocalization indices, as well as BCP values. As expected, the smallest change in the strength of Fe-C interactions can be observed for the least strained ansaferrocene 6.
Inspecting, however, the changes in electron density distribution of the Cp rings, it can be observed that the C-C bond strengths, in terms of delocalization indices, are expected to be increased upon the introduction of the ansabridge for complexes 1 and 5 in -position, whereas almost no change is predicted for complexes 2, 4, and 6. For the C1-C2 bonds, a decrease can be expected in all cases according to the BCP and (A,B) values. The bond ellipticities follow the distortion of the metallocene structure as well. Upon decreasing the distance between the analogous carbon atoms in the Cp rings, the double bond character is increased, whereas it is decreased for the carbon atoms on the opening parts in the rings. That is, in complexes 1 and 2, the C2-C3 bond is expected to behave with a somewhat increased double bond character, which may result in a change of the reactivity of the rings on that site.
It is concluded that the synthesis of ferrocene-substituted tetrakis(methyl)resorcin [4] arene (1) and tetrakis(phenoxymethyl)resorcin [4] arene (2) is likely to lead to success. These complexes, with presumably somewhat activated ferrocene moieties, are possible candidates for further transformations. The increased electron density on the -position of cyclopentadienyl rings makes them possible candidates for following functionalization.
